ABSTRACT: For many years, silicon micro-strip detectors have been successfully used as tracking detectors for particle and nuclear physics experiments. A new application of this technology is to the field of particle therapy, where radiotherapy is carried out by use of charged particles such as protons or carbon ions. Such a treatment has been shown to have advantages over standard x-ray radiotherapy and as a result of this, many new centres offering particle therapy are currently under construction -including two in the UK. The characteristics of a new silicon micro-strip detector based system for this application will be presented. The array uses specifically designed large area sensors in several stations in an x-u-v co-ordinate configuration suitable for very fast proton tracking with minimal ambiguities. The sensors will form a tracker capable of giving information on the path of high energy protons entering and exiting a patient. This will allow proton computed tomography (pCT) to aid the accurate delivery of treatment dose with tuned beam profile and energy. The tracker will also be capable of proton counting and position measurement at the higher fluences and full range of energies used during treatment allowing monitoring of the beam profile and total dose. Results and initial characterisation of sensors will be presented along with details of the proposed readout electronics. Radiation tests and studies with different electronics at the Clatterbridge Cancer Centre and the higher energy proton therapy facility of iThemba LABS in South Africa will also be shown.
Introduction 1
The use of proton beams in radiotherapy is a well established technique that is increasingly being 2 used as an option for patients who require radiotherapy [1] . Instrumental to the planning of any 3 program of radiotherapy is a good imaging modality that can deliver accurate information on the 4 patient's anatomy and in particular the accurate location of the target volume. For proton therapy, 5 this is carried out by an x-ray CT scan from which the proton stopping power of the tissue can 6 be derived and the necessary range of the treatment beam calculated. During this conversion from x-ray imaging to proton stopping power an uncertainty in the proton range is introduced, of order 8 1-3mm [2] . This arises from variations in density along the proton path [3] and inaccuracies in the 9 excitation energy or I-value assumed for the tissue [4] , as well as from the stopping power conver-10 sion method itself [5] . Uncertainties in the proton range increase the amount of dose delivered to 11 the healthy tissue surrounding the cancer which can result in unwanted side effects and can pre-12 vent the treatment of cancers close to critical structures where if this uncertainty could be reduced,
13
proton therapy would be an increasingly credible solution. These uncertainties could potentially 14 be reduced if the stopping power of the beam could be calculated directly i.e. by using protons for 15 imaging as well as for treatment [6] . In order to carry out this technique (referred to as proton com-16 puted tomography, or simply pCT), a device that can accurately measure the trajectory and energy 17 loss of protons as they pass through an object for many different projections is needed [7] [8] [9] .
18
The PRaVDA Consortium [10] aims to construct a prototype of the first fully solid state pCT scan-19 ner using silicon detectors for both the tracking and energy-range measurements of protons. This 20 paper will focus on the silicon strip tracker, which builds upon technology developed for the high- and minimum beam energies available from the accelerator and similar to the expected energies that 68 the tracker will measure before and after the object (phantom) that will be imaged. This allowed 69 an investigation of the size of proton clusters formed in the detector as a function of threshold 70 for both energy settings. The results for this, as shown in Fig. 4 and Fig. 5 , give the ranges of 71 threshold 1 and threshold 2, which were chosen to be: 2,000 -10,000 e − , and 20,000 -160,000 72 e − respectively. The choice of specific thresholds values within these ranges will impact on the 73 efficiency of the tracker and hence the total dose necessary to acquire an image. Data for selected 74 thresholds will be discussed in Section 3, and typical cluster width plots with these thresholds can 75 be seen in Fig. 7 and Fig. 8 During treatment mode all channels will be read out every 100µs to allow 1D and 2D beam 80 profile histograms to be made whilst in pCT mode it will be possible to read up to four channels 81 per ASIC with signal over threshold at 26 MHz (beam spill repetition rate at iThemba). 
Measurements with minimum ionising particles

84
In order to test the sensitivity of the detector to charged particles, 256 strips of a PRaVDA wafer 85 (12.5% of the detector) were wire-bonded to two BEETLE [16] ASICs and read out using the 86 ALiBaVa DAQ system [17] . The setup is shown in Fig. 3 inside a faraday cage where beneath 87 the sensor a plastic scintillator is placed to act as a trigger for the readout. The sensitivity of the 88 detector to minimum ionising particles was then tested in the lab using relativistic electrons from a 89 90 Sr source. From this measurement an absolute calibration was also obtained by assuming that a 90 minimum ionising particle (MIP) produces a most probable value of 80 e-h pairs/µm in silicon [11] .
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Since the wafer has a thickness of 155µm we expect the Landau distribution to have an MPV of 92 ∼12,000 e − . This data is shown in black in Fig. 6 with a threshold of 5500 e − applied to all strips 93 and fitted with Landau function convoluted with a Gaussian. The cluster width distribution for this 94 data is shown in Fig.7 from which it can be seen that most events (>90%) are only one strip wide. 
Measurements with low energy protons
96
Using the same setup discussed above, the system was also tested using the Douglas Cyclotron at expect to see in the final system. The energy loss of the protons is shown as the blue data in Fig. 6 104 with a threshold of 10,000 e − and with a fit using the same parameters as the data for MIPs. Fig. 6 105 represents data from both very high energy and very low energy particles and is thus a good source 106 of information on the limits of the signals that we can expect to have in the final system. We will 107 not be able to measure such quantities in the final system, due to the fact that the ASIC will operate 108 in a binary fashion delivering only the addresses of the strips that are over the prescribed thresholds 109 rather than the energy deposited in the strips themselves. The thresholds that are selected for the 110 detectors in the tracker will have an impact on the efficiency of the system as well as the precision 111 of the tracking. Such considerations are important as they will influence the dose that is necessary 112 to acquire an image. The cluster width for 60 MeV protons is shown in Fig. 8 with a threshold of 113 10,000 e − and with a reduced single strip cluster fraction of ∼70%. The position distribution of 114 the events is shown in Fig. 9 for a 3mm collimator.
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Figure 8. Cluster width for 60 MeV protons in a 155µm PRaVDA detector with a threshold of 10,000 e − Figure 9 . Position distribution for 60 MeV protons in a 155µm PRaVDA detector with a threshold of 10,000 e − with the general information on the ASIC that will be used for readout. The layout and operating
